Athletes participating in sports characterized by specific loading modalities have exhibited different levels of augmentation of bone properties; however, the extent to which these loading environments affect bone micro-architecture and estimated bone strength (i.e. bone quality) remains unclear. Furthermore, the relative role of impact loading versus loading due to muscle forces in determining bone properties is confounded. The objectives of this study were 1) to examine the role of impact loading on bone quality of the distal radius and distal tibia in elite athletes, as determined by high resolution peripheral quantitative computed tomography (HR-pQCT) and finite element analysis (FEA), and 2) to investigate the relationship between bone quality and muscle strength in elite athletes. Ninety-five females (n = 59) and males (n = 36) between the ages of 16-30 years participated in the study. Participants included alpine skiers (high-impact), soccer players (moderate impact), swimmers (low-impact), and non-athletic controls. All group comparisons were made after accounting for age, height, and body mass. As expected, minimal differences in HR-pQCT parameters across groups were observed at the non weight-bearing distal radius. At the weight-bearing distal tibia, female alpine skiers and soccer players had significantly higher bone density, cortical thickness, and failure load (i.e. bone strength (N) in compression estimated by FEA) than swimmers (p b 0.05). Female alpine skiers also had lower trabecular separation than swimmers and controls. Male alpine skiers had 20% higher trabecular bone mineral density than swimmers, and male soccer players exhibited 22% higher trabecular number than swimmers at the distal tibia (p b 0.05). Male alpine skiers and soccer players had 28-38% higher failure load at the distal tibia than swimmers. No differences in bone parameters were observed between swimmers and controls for either sex at either site. Both muscle strength and sporting activity were predictors of failure load at the distal tibia in the female cohort. Sporting activity, but not muscle strength, was a significant predictor of failure load in the male cohort at both the radius and tibia. This data suggests that impact loading in sporting activity is highly associated with bone quality. Longitudinal and interventional studies are required to further clarify the muscle-bone interaction.
Introduction
Mechanostat theory suggests that bone remodeling is highly dependent on bone strain [1] , a result of mechanical loading, which can include external impact forces and internal muscle forces [2] . This theory is well illustrated in elite athletes as they are often exposed to extreme loading environments, which is a rare occurrence in the general population. For example, athletes involved in highimpact sports such as volleyball and hurdling that are characterized by both high strain magnitude and strain rate have approximately 19-25% higher bone mineral content (BMC) and 37-44% higher polar section modulus (a surrogate for bone strength) at the distal tibia after adjusting for body size, when compared with those in low-impact sports, such as swimming [3] .
Although previous studies investigating bone properties in athletes have provided insight into mechanisms of bone adaptation, most are limited by the imaging technology used to measure bone parameters. Dual energy X-ray absorptiometry (DXA) is commonly used to measure areal bone mineral density (aBMD, g/cm been used in conjunction with hip structural analysis, which when applied to DXA images can estimate structural parameters at the femur such as cross-sectional area (cm 2 ), section modulus (cm 3 ), and buckling ratio [4, 5] . For example, this technique has revealed that male gymnasts and runners aged 18-35 have higher crosssectional area of the proximal femur when compared with controls [6] . Although this technique has proven beneficial for our understanding of how bone can adapt to mechanical stimuli, the twodimensional nature of this modality makes the measurement of true volumetric bone mineral density (BMD, g/cm 3 ) of the cortical and trabecular compartments impossible [7] [8] [9] [10] . More recent studies addressed this issue using three-dimensional peripheral quantitative computed tomography (pQCT) [3, [11] [12] [13] [14] [15] [16] [17] . These studies provided further insight into how loading may affect bone mass, BMD, bone geometry, and estimated bone strength in the upper and lower extremities. However, it remains unclear how impact loading influences detailed aspects of bone micro-architecture, a key determinant of bone strength [18] [19] [20] . As opposed to pQCT which provides singleslice data, high-resolution pQCT (HR-pQCT) provides 110 sections at a higher resolution than pQCT, which forms the basis for a 3D volumetric analysis of bone microarchitecture, and when coupled with the finite element method, a non-invasive estimate of bone strength [21] .
Previous studies have indicated that in addition to impact loading, muscle strength might also influence bone properties. For example, it has been shown that trunk flexion isokinetic peak torque was strongly related to total body and femur aBMD (r = 0.70-0.86, p b 0.05) in elite female triathletes 21-37 years old [22] . Conversely, leg extensor strength has been shown to account for minimal variance in femoral neck cross-sectional area (β = 0.196, p b 0.05) and femoral neck section modulus (β = 1.205, p b 0.05) [23] . Similarly, female powerlifters aged 27.5 ± 6.3 years exhibited similar BSI at the distal tibia and tibial shaft compared with non-athletic controls, despite the maximally applied muscle forces present in their sport, a result the authors attributed to the low strain rate present in powerlifting [17] . Overall, previous data suggests that muscle strength and bone properties are related in athletes; however, how strongly these parameters are associated remains unclear [24] [25] [26] . Therefore, the purpose of this study was two-fold: (1) to investigate the relationship between impact loading and BMD, bone size and shape (macro-architecture), bone micro-architecture, and estimated bone strength in elite athletes; and, (2) to investigate the relative contribution of body composition, impact loading, and indicators of muscle strength to bone micro-architecture and estimated bone strength in elite athletes.
Methods

Participants
A total of 95 adolescents and young adults aged 16 to 30 years volunteered to participate in this study. We recruited athletes from the Canadian National Alpine Ski Team (n = 24; 10 women, 14 men) and the varsity men's and women's soccer (n = 28; 21 women, 7 men) and swimming (n = 20; 13 women, 7 men) teams at the University of Calgary, Canada. Non-athletic controls were recruited (n = 23; 15 women, 8 men) from the student population at the University of Calgary. The non-athletic controls had no history of participation in competitive sport or organized training programs. None of the participants had diseases or took medications known to affect bone metabolism, and all participants provided informed consent. The Conjoint Health Research Ethics Board at the University of Calgary approved all study procedures.
Each of the three sporting groups included in this study represented a specific loading modality, or "impact type", based primarily on the magnitude of ground reaction forces experienced in the sporting activity. The alpine skiers represented the high-impact group, as ground reaction forces during slalom events are estimated to exceed 3-4 times body weight [15, [27] [28] [29] and time to peak force is approximately 400 ms [30] . Soccer players represented the moderate-impact group, as typical ground reaction forces during running and instep kicking are within the range of 1-3 times body weight [31] [32] [33] . Swimmers represented the low-impact group, as ground reaction forces are absent in the majority of swim training.
Health and training history, physical activity and dietary calcium
Each participant completed four questionnaires under the supervision of the study coordinator. A health history questionnaire addressed each participant's medical history, current health conditions, previous and current medication use, fracture history, and for women, any previous or current instances of amenorrhea. The validated International Physical Activity Questionnaire [34] was used to determine general physical activity in the form of metabolic equivalents (METs). A training history questionnaire was administered to the athletes to gain information on previous (age that the participant started to compete and training volume over the year prior) and current training regimes. A validated food frequency questionnaire [35, 36] was used to determine dietary calcium intake (mg/day).
Anthropometrics
Standing height was measured to the nearest millimeter using a wall-mounted stadiometer (Seca model 222; Seca, Hamburg, Germany). Body mass was measured to the nearest 0.1 kg with an electronic scale (Seca model 876, Seca, Hamburg, Germany). Dual energy X-ray absorptiometry (DXA, Discovery A, Hologic Inc., USA) was used to obtain measurements of bone mineral free lean mass (kg) from a whole-body scan. Three trained technicians acquired and analyzed all DXA scans according to standard Hologic protocols, and also performed daily quality control procedures.
High-resolution peripheral quantitative computed tomography
High-resolution peripheral quantitative computed tomography (HR-pQCT, XtremeCT, Scanco Medical, Brüttisellen, Switzerland) was used to obtain measurements of bone mineral density (BMD, g/cm 3 ), and bone macro-and micro-architecture of the dominant distal radius and dominant distal tibia for each participant. We scanned the non-dominant radius in five participants (one female control, one male control, two female soccer players, and one male soccer player) who reported a previous fracture to their dominant radius.
A detailed description of scan acquisition is provided elsewhere [37] . Briefly, the HR-pQCT scans provided high-resolution images of a 9.02 mm section of the distal radius and distal tibia (Fig. 1) . This system used a nominal isotropic voxel size of 82 μm, with an equal in-plane and between-plane voxel size. The first of 110 slices was acquired 9.5 mm proximal to the endplate of the radius and 22.5 mm proximal to the endplate of the tibia. A single trained operator acquired all scans and performed daily quality control procedures.
All HR-pQCT scans were analyzed according to the manufacturer's recommended protocol [38] ), trabecular thickness (Tb.Th, mm), and trabecular separation (Tb.Sp, mm) [39] . These measurements were validated against micro-computed tomography [40, 41] and in our lab, the in vivo short-term reproducibility is b4.5% for all outcomes [41] . In addition to the standard morphological analysis, we applied a customized segmentation algorithm [37, 42, 43] to the HR-pQCT scans to assess cortical BMD (Ct.BMD, mm HA/cm 3 ), total cross-sectional area (Tt.Ar, mm 2 ), cortical thickness (Ct.Th, mm) [44] , and cortical porosity (Ct.Po, %) [37, 42, 43] . This technique can reduce variation in Ct.Th measures caused by differences in degree of bone mineralization, which can be present when obtaining Ct.Th by dividing cortical bone volume by the periosteal surface. In vivo reproducibility for these cortical measures is b2.9%, with the exception of Ct.Po, which has a reported least significant change of 0.58% for the radius and 0.84% for the tibia [42] . One trained technician analyzed all HR-pQCT scans.
Finite element analysis
To obtain accurate estimates of bone strength, we used custom finite element analysis (FEA) software to analyze each HR-pQCT scan based on a linear, homogenous model with a mesh generated using the voxel conversion approach. This method incorporates the threedimensional micro-architecture and local BMD of the scanned region of interest [45, 46] . The models were solved using custom large-scale FEA software (Numerics88 Solutions, Calgary, Canada) [47] on a desktop workstation (Mac, OS X v10.5; 2 × 2.8 GHz Quad-Core Intel Xeon; 32 GB 800 MHz DDR2 FB-DIMM). Using this custom software, the radius and tibia models required an average of 60 min each to solve. The primary outcome was failure load (N), based on simulating axial compressive loading of the bone to 1% strain [48] .
Biodex muscle testing and grip strength
A Biodex isokinetic dynamometer (Biodex®, System 3, New York, USA) was used to measure maximal isokinetic knee extension and flexion torque (Nm) of the dominant leg. The Biodex seat was adjusted until the popliteal crease was at the edge of the chair and the axis of rotation was at the level of the femoral condyle. The leg pad was placed just above the malleoli. Participants began each test with their leg in a flexed position and commenced with knee extension at 90°/s. Once the participant reached the point of maximum extension they immediately reverted to knee flexion also at 90°/s. The combination of extension and flexion consisted of one practice trial followed by three experimental trials with no rest. A digital lowpass filter with a cut-off frequency of 5 Hz reduced noise. This test is highly reliable [49] and targets large muscle groups such as the quadriceps and hamstrings that insert on the proximal tibia.
A grip strength dynamometer (Almedic, Quebec, Canada) was used to determine overall isometric strength (kg) of the hand and forearm muscles of the dominant arm (or non-dominant for those participants with previous forearm fractures) using the Canadian Physical Activity, Fitness, and Lifestyle Approach protocol [50] . Participants were instructed to hold the dynamometer firmly in their palm with the grip placed on the middle knuckles. The dynamometer was held approximately 45°away from the body with the elbow joint fully extended. Participants were then instructed to squeeze with maximal effort for 5 s while exhaling and the maximum value of three trials was recorded. This test has shown good reliability in women aged 56-90 years (CV 4.2-4.6%) [51] .
Statistical analysis
All statistical analyses were performed using SPSS (PASW Statistics v19.0). A Kolmogorov-Smirnov test was used to ensure all HR-pQCT data was normally distributed. Means and standard deviations were used as descriptive statistics. To address our primary aim, descriptive characteristics (e.g. height, body mass, lean mass) were first compared across groups for men and women separately using analysis of variance (ANOVA), with a Tukey post-hoc test used to identify any significant group differences. Analysis of covariance was used to compare HR-pQCT outcomes across groups adjusting for body size and body composition, which included the covariates age, height, and body mass. A Bonferroni correction was used to adjust for multiple comparisons. To address our secondary aim we fit a hierarchical multivariable linear regression model. Predictors selected were those most likely to influence variance in bone parameters [3, 52] , and were entered into the model in the following order: (1) age, height, and body mass, (2) grip strength (radius only) and knee extension torque (tibia only), and (3) sporting activity. Three dummy variables were created for sporting activity (alpine skiing, soccer, swimming) with the control group serving as a reference category. An α-level of 0.05 was used for all analyses.
Results
Unless stated otherwise, in the next section all discussed differences are statistically significant at the p b 0.05 level. For HR-pQCT parameters, unadjusted data is reported, while statistical significance is flagged after adjusting for age, height, and body mass. Adjustment for lean mass has the potential to mask differences in bone outcomes across groups when used in supplementation to age, height, and body mass [53] , and in our cohort, lean mass correlated highly with body mass (r = 0.768 in women, r = 0.927 in men, p b 0.001). Therefore, lean mass was not selected as a covariate. Furthermore, lean mass that was excluded from the regression model is correlated with grip strength (r = 0.423 for women, r = 0.561 for men, p b 0.001) and knee extension torque (r = 0.430 for women, r = 0.649 for men, p b 0.001).
Descriptive characteristics and muscle strength
Descriptive characteristics of the participants are provided in Table 1 . For both men and women, age was similar across groups. Female swimmers were taller and leaner than soccer players and controls, and also tended to be heavier than soccer players and alpine skiers. All female athletes began training at a similar age (6.5 years-8.2 years); however, overall training volume and weight-training volume was higher in alpine skiers compared with soccer players and swimmers. Alpine skiers also had higher grip strength than controls, and higher knee extension torque compared with all other groups. Fig. 1 . HR-pQCT (XtremeCT, Scanco Medical, Brüttisellen, Switzerland) images of the distal radius (left) and distal tibia (right). For the radius, the most distal of 110 slices was acquired 9.5 mm proximal to the endplate of the radius, and the most distal slice of the distal tibia was acquired 22.5 mm proximal to the endplate.
Male alpine skiers had significantly higher body mass than controls, and also had greater lean mass than the other athletes and the controls. All male athletes began training at a similar age (7.9 years-9.0 years), but alpine skiers and swimmers had significantly higher total training volume than soccer players and alpine skiers spent more time weight training than both soccer players and swimmers. Alpine skiers had significantly higher grip strength than all other groups and significantly higher knee extension torque than controls.
HR-pQCT -radius
In the female cohort, alpine skiers had 28% (75.1 mm 2 ) higher Tt.Ar than controls after adjusting for height, body mass, and lean mass. In the male cohort, alpine skiers had 24% (42 mg HA/cm 3 )
higher Tb.BMD and 14% (57.3 mm 2 ) higher Tt.Ar compared with swimmers. Tb.N was 14% (0.28 mm ) higher in the soccer players compared with swimmers and controls, respectively. Tb.Sp was 20% (0.070 mm to − 0.073 mm) higher in both swimmers and controls compared with soccer players. Alpine skiers had 60%, 75%, and 44% (1477 N, 1685 N, and 1205 N) higher failure load indicating stronger bones than soccer players, swimmers, and controls, respectively (Table 2) .
HR-pQCT -tibia
Results of the HR-pQCT tibia scans for each sex and group are presented in ), respectively, than swimmers. Conversely, swimmers had 1% higher Ct.BMD (6.7 mg HA/cm 3 ) compared with soccer players. Ct.Th was 23.8%-29.5% higher (0.25 mm-0.31 mm) in alpine skiers and soccer players compared with swimmers. Regarding bone micro-architecture, controls and swimmers had 16%-23% (0.06 mm-0.091 mm) higher Tb.Sp, respectively, than alpine skiers. The general trend for augmented bone parameters in alpine skiers and soccer players compared with swimmers was also observed with failure load, as soccer players and alpine skiers had 15%-26% (942 N-1634 N) greater failure load than swimmers.
Tb.BMD was 20% (38.7 mg HA/cm 3 ) higher in alpine skiers compared with swimmers. Tb.N was 22% (0.38 mm
) higher in male soccer players compared with swimmers, and Tb.Sp was 22% (0.105 mm) lower in male soccer players compared with swimmers. Male alpine skiers and soccer players had 28%-38% higher failure load (718 N-2654 N) than swimmers.
Predictors of HR-pQCT parameters at the distal radius
Any predictors discussed in this section are those with an F-value change that is statistically significant at the p b 0.05 level, unless otherwise stated. All results pertaining to the regression analysis can be found in Table 4 .
In females, age, height, and body mass accounted for 43% of the variance in Ct.BMD. The variation in Tt.Ar was most strongly predicted by age, height, and body mass (25%) and the addition of grip strength to the model accounted for an additional 19% of the variance in Tt.Ar. Age, height, and body mass were the only significant predictors of Ct.Po accounting for 20% of the variance in this parameter. For the male cohort, sporting activity was the only significant predictor of Tt.BMD and Tb.BMD at the distal radius, accounting for 20% and 29% of the variance in these parameters, respectively. Conversely, age, height, and body mass explained 54% of the variance in Ct.BMD, grip strength accounted for an additional 6.4% of the variance, and sporting activity had a negligible effect. Sporting activity was the only significant predictor of micro-architectural parameters, accounting for 26%, 22%, and 29% of the variance in Tb.N, Tb.Th, and Tb.Sp, respectively. For bone strength, age, height, and body mass accounted for 29% of the variance in failure load. The addition of grip strength to the model had no effect, while sporting activity accounted for an additional 29% of the variance in failure load.
Predictors of HR-pQCT parameters at the distal tibia
For the female cohort, age, height, and body mass accounted for approximately 43%, 28%, and 16% of the variance in Tt.BMD, Ct.BMD, and Tb.BMD, respectively. Knee extension torque did not explain any of the variance in Ct.BMD, but did explain 8% of the variance in Tt.BMD and 18% of the variance in Tb.BMD. Sporting activity was a predictor of Ct.BMD and Tb.BMD, accounting for approximately 13% of the variability in these parameters; however, sporting activity was not a significant predictor of Tt.BMD. Knee extension torque was the only predictor of Tb.Th, and accounted for 8% of the variance. Tb.Sp was only predicted by sporting activity, explaining 13% of the variance. In terms of bone strength, age, height, and body mass explained 17% of the variance in failure load, knee extension torque explained 30% of the variance, and sporting activity accounted for 17% of the variance in failure load.
For the male cohort, age, height, and body mass accounted for 23% of the variance in Tt.BMD, 59% of the variance in Tt.Ar, and 30% of the variance in failure load. Knee extension torque was not a significant predictor of any HR-pQCT parameters at the distal tibia in the male cohort. Failure load was the only parameter predicted by sporting activity, which accounted for an additional 30% of the variance in bone strength.
Discussion
This study investigated the relationship between loading modalities present in three sporting activities and BMD, bone macro-and micro-architecture, and estimated bone strength through the use of three-dimensional imaging technology (HR-pQCT) and applied non-invasive mechanical testing techniques (FEA). Additionally, we investigated the relative contribution of age and body size, muscle strength, and sporting activity to HR-pQCT derived bone parameters. Although several bone parameters were not significantly different between athlete groups and controls, a trend emerged showing that high-and moderate-impact groups (alpine skiers and soccer players) have significantly augmented bone parameters when compared with the low-impact group (swimmers), who were never significantly different from controls. Our findings suggest that muscle strength and sport-specific impact loading each play a role in determining bone quality; however, the relative contribution of these predictors remains in question and may vary depending on the specific bone property under examination.
In the female cohort, bone size (Tt.Ar) at the distal radius was higher in alpine skiers than controls after adjusting for age, height, and body mass. Similarly, average bone size of the male alpine skiers was significantly larger than the male swimmers (swimmers were not different from controls). Given that impact loading is assumed to be absent in the upper extremities in these sports, a possible explanation for this is that female alpine skiers had higher grip strength than controls, and male alpine skiers had significantly higher grip strength than all other groups. Additionally, female and male alpine skiers spent more time weight training than their respective athletic counterparts. This suggests that muscle strength is a predictor of bone size, which agrees with recent literature [54] . This result is further supported by our regression analysis, as grip strength was a predictor of Tt.Ar of the radius in both cohorts, while sporting activity was not a significant predictor. At the tibia in the female cohort, there was a general trend for alpine skiers and soccer players to have augmented bone parameters when compared with swimmers and controls, albeit less frequently for controls, after adjusting for age, height, and body mass. This finding suggests a positive relationship between impact loading and bone quality. The regression analysis supports this, and in this female cohort, an interesting pattern emerged. All cortical parameters (Ct.BMD, Ct.Th, and Ct.Po -cortical bone mineral density, cortical thickness, and cortical porosity, respectively) were predicted by sporting activity, but none were predicted by muscle strength (knee extension torque). This may suggest that impact loading has potential to enhance cortical bone well beyond the capabilities of muscle forces. This agrees with Nikander et al. [3] , who showed that in elite female athletes representing a variety of sports, loading modality account for 25% of the variance in Ct.Th at the distal tibia, as measured by pQCT, while muscle strength only accounted for approximately 4% of the variance. It is possible that muscle forces do not generate high levels of bone strain rate to the same extent as impact loading, which may infer a weaker association between cortical bone parameters and muscle strength. For instance, it has been suggested that thick cortical walls are necessary to cope with the demands of impact loading, and high bone strains in unusual directions are highly beneficial for the augmentation of bone properties [22, 55] . Therefore, in our cohort, sporting activity may have played a substantially larger role in the determination of cortical bone parameters when compared to muscle strength, suggesting that impact loading is a stronger predictor of cortical parameters, while muscle strength may be a stronger predictor of trabecular outcomes (e.g. Tb.BMD, Tb.Th -trabecular bone mineral density and trabecular thickness, respectively).
Both muscle strength and sporting activity were significant predictors of failure load at the distal tibia in the female cohort, but muscle strength accounted for approximately 13% more of the variance in failure load than sporting activity. When investigating the distal tibia of the male cohort, sporting activity accounted for 30% of the variance in failure load, while muscle strength accounted for none. These seemingly opposite results may have arisen due to sex differences in the variability of muscle strength parameters. Specifically, the variability in knee extension torque was substantially higher in men than women, which may have influenced our ability to detect a relationship between muscle strength and bone quality in men. This data is in contrast with Nikander et al. [3] who showed that loading modality, but not muscle power or muscle strength, was a predictor of bone strength index at the distal tibia in female athletes (male athletes were not investigated). A possible explanation for the discrepancy is that the bone strength index used by Nikander et al. (density-weighted polar section modulus) is an indicator of bone's resistance to torsion and bending, while the failure load that we estimated is purely a compressive property. Thus, it is difficult to directly compare the results of the two studies.
As stated previously, our results generally indicate that sporting activity involving impact loading is associated with augmented bone quality in both female and male athletes. One single, but perhaps major discrepancy found in this study was that of female swimmers having significantly higher Ct.BMD at the distal tibia than soccer players after adjusting for age, height, and body mass. We observed a similar trend in males, but the difference across groups was not statistically significant. This finding may suggest that the lack of impact loading in swimming is associated with lower intracortical remodeling, which agrees with previous work [12, 56] that showed both young and old female athletes have lower Ct.BMD at the tibial shaft than non-athletic controls. Furthermore, Rantalainen et al. [56] showed the trend that young high-impact and odd-impact female athletes exhibit lower Ct.BMD by pQCT than swimmers (not statistically significant), and Ct.BMD of swimmers is not different from controls. Additionally, our findings in conjunction with the result that female swimmers had thinner cortices than both other athlete groups could suggest an adaptational response to swimming. In contrast to alpine skiing and soccer, the nonweight-bearing environment of swimming may have elucidated an adaptational response necessary to increase the strength to weight ratio of the skeleton. This could allow for the optimization of the skeleton that is beneficial for a swimmer, where the skeleton can withstand applied forces in their sport and training, while simultaneously limiting the weight of the skeleton.
Although it is possible that optimization of the skeleton has occurred in swimmers due to their loading environment, it is also possible that swimmers are naturally equipped with this type of bone structure, and are therefore more likely to continue in their sport. It has previously been shown that genetics account for approximately 60-80% of the variance in bone structure [57] [58] [59] , and it seems very likely that self-selection bias exists for bone parameters on a larger scale that correlate highly with body size and shape, for example total cross-sectional area of a bone. However, regarding other parameters such as Ct.BMD in this sample, particularly after adjusting for body size, it seems more plausible that an adaptational response has occurred, and any other self-selection bias would not depend on specific bone traits, but instead neuromuscular and fitness traits. For example, it seems more likely a child who has better coordination, easier access to sporting activity, gains enjoyment from the sport, and has particular advantages pertaining to large-scale structure (e.g. height), may be directed into particular sports, but not solely because of inherited bone traits. Nevertheless, we cannot disregard the possibility of self-selection bias, and therefore must consider it as a potential reason for observable differences in bone traits across sporting activities.
We note important limitations of this study. First, the cross-sectional design does not allow for evaluation of causal relationships between loading occurring during sporting activity and bone quality, and this data may also be affected by selection bias. Due to this possibility, our findings should be considered hypothesis generating, and as such, they provide a foundation for future prospective studies. Second, our health history questionnaire revealed a history of menstrual cycle disturbances in four female subjects (one alpine skier, three controls) and these may have lead to alterations in bone metabolism in these participants. However, we did not adjust for history of amenorrhea/ oligomenorrhea in our analysis, as these subjects were not identified as outliers for bone parameters. Third, we did not measure vitamin D intake nor did we obtain serum samples of serum 25(OH)D. Thus, we cannot rule out the possibility that seasonal variation in vitamin D levels may have influenced our findings. Fourth, HR-pQCT scanning is limited to the distal radius and distal tibia, sites of minimal or no muscle insertion points. Furthermore, type of resistance training should also be considered in future studies. High bone strain rates in unusual directions could be an important factor for enhancing the loading effect on bone quality [55] .
Conclusion
To our knowledge, this is the first study to use HR-pQCT to measure BMD, bone macro-architecture and micro-architecture in athletes across multiple sports. In addition, finite element analysis was used to obtain non-invasive estimates of bone strength. This study provides evidence that impact loading is positively associated with bone quality, which is consistent with previous studies, providing further knowledge into the relationship between mechanical loading and bone adaptation at the micro-architectural level. Specifically, it was shown that bone micro-architecture, a significant determinant of bone strength, was augmented in elite athletes that participated in impact-loading sports. Additionally, muscle strength was a predictor of bone properties contributing to bone strength, particularly bone size; however, the relative role of impact loading versus muscle strength in determining bone quality remains in question. Longitudinal and interventional studies would potentially resolve questions surrounding the influence of impact loading on bone quality and the complex muscle-bone interaction.
